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^ DF.VI-LOP?.n':NT  OF  BASIC  PROCFSSING  THCHNOLOGY 
\^FOR  BFARINC,  QUALITY  SILICON'  .NITRIPF  BALLS 

SUMMARY  J 


This  is  the  Final  Report  on  the  De'/elopment  of  Basic  Pro- 
cessing Technology  for  Bearing  Quality  Silicon  Nitride  Balls, 
Substantial  rolling  contact  fatigue  life  data  generated  on 
balls  has  demonstrated  the  potential  of  this  material  for 
reliable  long  life.  To  provide  a cost-effective  manufacturing 
technology,  fabrication  of  rough  spheres  directly  from  silicon 
nitride  pwoder  was  undertaken.  These  were  finished  into  17,5mm 
size  balls  to  generate  rolling  contact  fatigue  life  data  com- 
parable to  that  available  in  the  literature.  Tjie  work  was 
conducted  lander  Contract  NOOO  IP  - 76  - C- 0684  . 


This  report  is  written  in  four  parts. 


Part  I discusses  the  techniiiues  of  forming 
rough  spheres,  and  the  subsequent  machining  operations  to 
obtain  finished  balls. 


Part  II  presents  the  results  of  physical  property  and 
microst ructural  evaluations  of  the  selected  materials. 


Part  III  presents  the  results  of  the  non- destructive 
techniques  evaluated  for  detection  of  material  processing  and 
fabrication  related  defects  in  silicon  nitride  balls. 


Part  IV  discusses  the  rolling  four-ball  fatigue  life 
data  obtained. 
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CONCLUSIONS 


1. 

Hot-pressed  sili 
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can  be  p 
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ed  into 

rough 

bearing  shapes  s 
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h as  balls 

having 

j ust 

as  good  bearing 

life  properties 

as 

bearing  p 

arts  cut 
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m large 

billets . 

2. 

Material  quality 
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nspecti on 

tec’.niques  s 

uch  as 

ultrasonics , 

acoustic  microsc 

op 

y and  Krypton  expo 

s ure 

correl 

ate  well 

with  strength  and  microhardness  properties  and  have  inher- 
ent capabilities  of  detecting  material  defects  in  silicon 
nitride  such  as  inclusions  and  porosity  that  are  detrimental 
to  bearing  performance. 


3.  Norton's  MgO-bonded  hot-pressed  NORALIDl;  NC132  gives  con- 
sistantly  superior  wear  and  fatigue  life  performance  in 
rolling  contact,  when  properly  finished.  Ceradyne's  ^20^- 

bonded  hot -pressed  CERALLOY  1 4 7Y  wore  excessively  at  high 
element  test  stress  conditions,  but  still  had  an  inherent 
fatigue  spalling  life  superior  to  M-50  bearing  steel  in 
this  test.  GTE  Sylvania's  pressureless  sintered  silicon 
nitride  wore  excessively  and  spalled  at  very  early  life, 
due  to  its  relatively  high  porosity  content  (2"6  by  volume). 
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PARI'  1 

I'ARRICATION  01'  ROlK'.ll  SPlIliRliS  .WP  PINISURP  BALLS 


1.  Introduction 


Until  recently  tlie  fabrication  of  a full>’  dense  silicon 
nitride  part  free  of  bearing  life  degrading  defects  con- 
sisted of  producing  a fully  dense  billet  and  machining 
the  desired  part  from  it.  Pue  to  the  extreme  hardness  of 
silicon  nitride,  this  is  a tedious  and  exjiensive  jirocess. 
This  has  prompted  several  investigators  to  evaluate  methods 
by  which  fully  dense  liearing  nuality  parts  can  be  falu'i- 
cated  to  near  net  sliapes.  I'wo  tecliniques  developed  to 
fabricate  fully  dense  parts  directly  fi'om  silicon  nitride 
powder  were  selected  for  tins  program.  The  first  is  a 
conventional  hot  pressing  technitiue  in  which  silicon  nitride 
powder  mixed  witli  suitable  type  and  quantity  of  binder 
is  pressed  into  a sphere  sliape  at  lii  gh  temperatures  (lo50°- 
l"’.S0°C)  in  graphite  dies.  The  second,  a res  sure  less 
sintered  product,  is  a more  recent  development  (1)*  in  which 
silicon  nitride  iiowder  is  lileiuled  with  suitable  type  and 
quantity  of  binder  and  then  cold  pressed  to  shape  either 
liy  imiaxial  pressure  using  metal  dies  or  by  isostatic 
pressure  using  polyurethane  molds.  The  cold  pressed  parts 
are  then  sintered  at  h i gli  temperature  without  application 
of  pressure  as  in  l\ot  pressing.  These  are  referred  to 
as  pressureless  sintered  parts  in  contrast  to  reaction  sin- 
tered parts  in  which  the  sintering  and  nitridation  of 
metallic  silicon  comjiacts  into  silicon  nitride  are  [lerformed 
simultaneously. 

In  tlie  present  program  hot  pressed  rough  spheres  were 
obtained  from  Norton  and  Ueradyne,  and  tliose  fabricated 
by  [iressure less  sintering  were  obtained  from  GTli  Sylvania. 

fabrication  of  Rough  Spheres  and  L'inished  Ralls 

The  analyses  of  the  silicon  nitride  powders  used  by 
the  three  selected  material  supiiliers  are  described,  to 
the  extent  available,  in  fables  1-3.  The  physical  charac- 
teristics of  individual  rough  spheres  manufactured  by 
Norton  and  Ceradyne  are  listed  in  Tables  4 and  5.  figure 
1 provides  a visual  comparison  of  the  rough  spheres  received 
from  each  of  the  three  sources. 


*Numbers  in  parentheses  refer  to  the  list  of  references 
at  the  end  of  this  report. 
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A total  of  sixteen  experimentally  hot  pressed  rouj;h 
spheres  were  provided  by  Norton  Company  at  no  charge  for 
this  program.  I'lie  composition  of  the  material  conforms 
to  the  commercial  NORM. lid'  Nl'l-^J  grade.  As  seen  in  Table  S 
and  figure  1,  these  first  attempt  rough  sjiheres  were  out- 
of-roimd  and  had  a large  equatorial  band  wliicli  prohibited 
use  of  a conventional  processing  cycle  to  finish  them  into 
bearing  balls.  Attempts  to  remove  the  equatorial  band 
by  tumbling  was  found  to  be  either  extremely  slow  or  imrc- 
liable  in  avoiding  harmful  surface  damage.  Ultrasonic 
machining  was  then  tried  and  this  produced  significantly 
faster  material  removal  rate  and  provided  good  control  on 
tlie  surface  and  geometric  quality  of  the  machined  sphere. 

The  rougl\  spheres  from  Croup  1 in  fable  5 were  therefore 
rounded  by  ul  t rason  i cal  1 y macliining  between  two  licmispher- 
ical  cavities.  Since  tiie  process  is  of  significant  value 
to  machining  ceramic  parts,  a brief  explanation  of  the  tech- 
nique and  its  capabilities  are  given  at  the  end  of  tliis 
section.  Once  tlie  out  - o f- roundness  of  the  rougli  Norton 
spheres  was  I'educed  to  '-0.1  mm  tliey  could  be  readily  sub- 
jected to  the  lapping  procedure  previously  developed  at 
SKT  (2)  to  produce  finished  balls  liaving  an  out -o  f- roundness 
of  ^0.6  2 pm  and  a surface  roughness  of  ^0.0  3 vnii  .XA,  free 
of  bearing  fatigue  life  degrading  surface  defects. 

The  fifty  rough  spheres  procured  from  Co  radyne 
were  fabricated  from  8S  w/o  0085  silicon  nitride  powder, 
supplied  by  Kaweeki  Berylco,  and  15  w/o  and  is  clas- 

sified as  Ceralloy  14  "Y.  I'he  geometric  quality  of  these 
spheres  was  good  enough  to  subject  them  directly  to  con- 
v'cntional  ball  processing.  fhere  appeared  to  be  some  spot- 
to-spot  variation  in  tlie  mach  i nab  i 1 i ty  of  the  material 
as  considerably  more  extra  care  was  required  during  the 
processing  than  in  the  case  of  the  Norton  spheres  to  pro- 
duce the  same  degree  of  roiunlness  in  the  final  lapping 
step.  The  difference  in  the  lapping  response  of  the  mater- 
ials is  related  to  the  differences  in  the  mic rost ructures 
of  these  materials. 

The  GTF  Sylvania  rough  spheres  were  produced  by  cold 
isostatic  pressing  followed  by  sintering.  The  geometric 
quality  of  these  rougli  spheres  was  also  very  good.  A large 
proportion  of  these  balls  had  a mottled  appearance  consis- 
ting of  light  and  dark  grey  areas  (Figure  21.  During  the 
course  of  finishing  it  was  found  that  the  light  area  ma- 
chined significantly  faster  tlian  the  dark  area  preventing 
the  balls  from  rounding  to  _<0.(i2  /^m.  Talyrond  trace  on 
a lapped  ball  (Figure  31  shows  tlie  surface  imevenness. 
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The  lighter  regions  contain  larger  pores  than  the  darker 
ones.  The  pores  in  the  lighter  region  were  generally 
filled  with  unsintered  Si  3N ..  particles  whereas  the  pores 
in  the  darker  region  contain  relatively  fewer  unsintered 
grains.  The  bonding  of  the  Si,  grains  in  general  were 
poorer  in  the  lighter  areas  compared  to  the  darker  ones. 
These  differences  are  evident  in  the  scanning  electron 
micrographs  shown  in  Tigure  1. 


. Ult  rason  i c _Ma ed'  i n i iij: 

Ultrasonic  machining  was  found  to  he  uniquely  appli- 
cable for  shaping  of  hard  ceramics.  The  method 
is  analogous  to  grit  blasting  in  which  abrasive  grains  are 
propelled  to  the  surface  to  be  machined  by  fluid  pressure. 
The  basic  set-up  for  ultrasonic  machining  is  shown  schema- 
tically in  Tigure  5.  Tiie  tool  is  vibrated  at  a frequency 
of  20,000  strokes  per  second  by  an  ultrasonic  transducer. 

A slurry  containing  30-50  weight  percent  of  a suitable 
abrasive  is  allowed  to  flow  between  tlie  tool  and  the  work- 
piece. The  clearance  between  tlie  tool  and  the  workpiece 
is  only  slightly  greater  than  the  sire  of  the  abrasive 
being  used.  Cavitation  of  the  liquid  due  to  the  iiigh  fre- 
quency vibration  of  the  tool  generates  a pumping  action 
which  helps  to  remove  used  abrasive  and  wear  debris  pro- 
duced from  the  workpiece. 

The  shape  cut  in  the  workpiece  is  an  exact  copy  of 
the  shape  of  the  tool.  figure  b shows  photograpiis  of  the 
set-up  for  ul t rason i ca 1 ly  machining  a ball  bearing  inner 
ring.  Photographs  of  tooling  to  produce  outer  rings  from 
cylinders  and  to  machine  ball  grooves  in  both  inner  and 
outer  rings  are  shown  in  Figure  7.  Material  removal  rate, 
surface  roughness  and  dimensional  accuracy  to  which  a part 
can  be  produced  by  ultrasonic  machining  depend  on  the 
abrasive  grit  size. 

Rough  spheres  have  been  produced  from  hot  pressed 
silicon  nitride  cylinders  using  a slurry  containing  50 
weight  percent  of  240  grit  silicon  carbide  with  a material 
removal  rate  (MRRl  of  1000  um  (0.040"')  per  hour.  As 
machined  spheres  using  ultrasonics  had  an  average  surface 
roughness  of  O.b  um  A.A  (2  4 pin  AAl  and  an  out -of- roundness 
of  40  pm  (0.0016").  Improvement  in  surface  finish  and 
out -of- roundness  is  possible  by  using  a smaller  grit  size, 
but  with  an  accompanying  reduction  in  material  removal  rate. 
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Civooves  have  been  machined  into  silicon  nitride  rings 
using  two  machining  steps.  In  the  first  step  a slurry 
containing  SO  weight  percent  of  320  grit  silicon  carbide 
was  used  to  rough  machine  the  groove.  In  the  second  step 
a slurry  containing  50  weight  percent  of  000  grit  silicon 
carbide  was  used.  The  average  surface  roughness  of  the 
groove  was  0.3  uni  A.\  (12  pin  AA)  . This  demonstrates  that 
by  adjusting  grit  sice,  concentration  and  type  one  can 
use  ultrasonic  energy  to  either  rough  machine  to  shape  or 
finish  polisti  ceramic  surfaces. 

The  tooling  shown  in  figure  " was  used  to  ultrasoni- 
cally  machine  the  rings  of  the  al 1 - s i 1 i con - n i t ri de  ball 
bearing  shown  in  figures  8 and  0.  This  ceramic  bearing 
manufacturing  process  development  demonstrates  a greatly 
increased  MRR  over  conventional  diamond  grinding  witli 
greatly  reduced  cost  of  tooling  and  abrasives  for  producing 
special  double  curved  bearing  race  and  roller  surfaces. 

The  process  can  be  readily  scaled- up  for  production  to 
produce  damage  free  surfaces  found  to  be  imiiortant  to 
rolling  contact  fatigue  performance  (3). 
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P.Viri'  _I_1 

rji't;^sj_rAi,  i'R{)i'i:in  i aa'd  mi ckostkiictdrai,  i;va).i!ATIon 

To  ovalu;ite  thr  jiliysical  jiroiH’rtios  ami  in  i c ros  t r uc  t u ri'S 
ot  the  hot  jirossod  inatorials,  soot  ions  woro  mado  parallol  to 
tho  oi|iiator.  Tlio  rouph  sphoT'os  pi'odiKod  In'  isostatio  jirossinjt 
do  not  possoss  an  oiiuator  so  random  soot  ions  wo  I'o  takon  Ci'om 
tlioso  sphoros.  I’liysioal  proportios  woro  ovaluatml  us  i njt  diamond 
pyramid  (Viokor's)  m i o roha  rdnos  s moasuromonts  undo  r TiOd  j^ram 
load,  and  stronpth  moasuromonts  us  i ipo  a biaxial  stross  fixturo. 

Mi  0 ros  t r uo  t u ra  1 ovaluation  was  mado  usiny.  ojnioal  and  soanniny 
o loot  ron  m i o ros oopy . 

1.  Mi  0 roll  a rdnos  s Mo  as  u ro  mon  1 s 

Hui'iny  hot  prossiny  tho  oondit  ions  usoi.!  oan  jiroduoo 
a prossuro  yradiont  aoi'oss  tho  (.liaiiR’tor  ol  tho  ram.  Dopon 
diny  on  tho  hot  prossiny  tomiioraturo  usod,  additive  typo 
and  oontont  and  doyroo  of  prossuio  yradiont  thoro  could 
be  a density  yrmliont  across  t lu'  diamotor  of  tho  jirossod 
sphe  ro  in  a piano  po  rpoiul  i cu  1 a r to  t lu'  prossiny  direction. 
Sections  of  tho  Norton  ami  (!orad\no  si'lu'ros  woro  mado  to 
determine  any  density  yradiont  I'rosi'iit.  Results  of  micro 
hardness  moasuromonts  mado  with  a diamond  pyramid  imlontor 
usiny  a SOO  yram  load  ai'o  yivon  in  TahU'  n . A few  random 
moasuromonts  mado  on  a section  from  a I'lTI;  Sylvania  silicon 
nitride  sphere  and  a section  from  a billot  of  NORAhllHi 
N(M  .A2  yrado  silicon  nitridi'  are  also  roiiortod  for  comparison. 

Measurements  on  tho  section  from  a Norton  sphere  shows 
yood  uniformity  of  hardness  jicross  tho  diameter.  The  hard- 
ness on  tho  sphere  section  is  soon  to  bo  hiyhor  than  that 
of  an  older  NdRAMPl'.  N(M  Ad  yrado  billot  material.  Micro- 
hardness moasuromonts  across  tho  section  from  a (lorailyno 
sphere  reveals  a 1 a rye  hardness  drop  at  certain  random 
locations.  Tho  harder  roy.ions  in  this  material  are  comiiarablo 
in  hardness  to  that  of  tho  Norton  material.  The  softer 
reyio.is  contain  a ylassy  jihaso  I'ovoalod  by  jilano  polarised 
liyht  microscopy  discussed  in  this  section.  Those  softer 
(weaker)  royions  fracture  under  hiyh  tensile  stresses 
produced  at  tho  odyo  of  tho  contact  royion  ( ■!  ) and  cause 
wear  of  tho  rolliny  track  as  discussed  in  Tart  I\’.  Micro 
hardness  values  obtained  at  four  locations  on  a section 
from  a (ITIi  Sylvania  siihoro  are  s i yn  i f i can  t 1 y lower  than 
the  hot  j)  ros  sod  material. 
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Strength  Measurements 

Strength  values  for  the  three  materials  were  obtained 
by  Pr.  J.  P.  Venables  of  Martin  Marietta  using  a biaxial 
stress  fixture  (5,b).  This  method  avoids  failures  due 
to  edge  flaws  encountered  in  three-point  and  four-point 
measurements.  Pise  shaped  specimens  were  fabricated  from 
the  rough  spheres.  The  strength  values  are  comparable 
to  those  measured  by  three -point  bending  tests  on  the  same 
material . 

The  PTF  Sylvania  material  , having  the  lowest  hardness 
and  containing  a significant  amount  of  porosity,  has  the 
lowest  strength  of  0.43  GPa  (P2  ksi).  The  Ceradyne  material 
has  the  next  highest  strength  of  O..Sb  GPa  (82  ksi). 

Norton  material  showed  the  highest  strength  of  0.99  GPa 
(144  ksi)  . 

Fractographs  made  with  a SFM  are  shown  in  Figures 
10-12.  Porosity  is  clearly  responsible  for  fracture  initia- 
tion in  the  GTF  Sylvania  sample.  A high  magnification  view 
of  the  pore  surface  does  not  reveal  unsintered  silicon 
nitride  grains,  probably  since  they  may  have  been  dislodged 
in  the  fracture  process.  In  the  Ceradyne  material  a cluster 
of  second  phase  particles  (free  Si)  was  responsible  for 
fracture  initiation.  A high  magnification  view  of  the  frac- 
ture surface  shows  presence  of  a large  volume  fraction 
of  the  second  phase  particles.  Fracture  initiation  in 
the  Norton  material  appears  to  have  occurred  at  surface 
scratches.  The  degree  of  material  cleanliness  and  absence 
of  porosity  explain  the  high  strengtii  value  obtained  for 
the  Norton's  NORALIOF  NG132  grade  silicon  nitride. 


3.  Microstructural  Fxaminations 


Mi crost met urcs  of  tlie  three  materials  were  studied 
with  the  help  of  optical  and  scanning  electron  microscopes. 
Both  unpolarized  and  plane  polarized  light  were  used  during 
optical  microscopy.  Since  the  ojitical  properties  of  the 
various  phases  present  in  the  tliree  silicon  nitride  compo- 
sitions are  not  known,it  was  not  possible  to  determine  the 
type  of  phase  seen  on  the  micrograph.  The  results  are  re- 
ported to  document  the  preliminary  observations  on  tlie 
optical  characteristics  of  the  various  phases  observed. 
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and  soaiiiiinj;  oloctroii  mi  c roi;  rapli  s of  the  tliroo 
are  sliowii  in  lij^uros  13  - 13.  I'lio  I'lTli  Sylvania 
material  eontained  an  estimated  .3  v/o  (3  v/o  large  + 1 v/o 
ve  r>  fine)  second  jdiase  inclusions  (figure  13a).  The  large 
inclusions  remained  dark  when  viewed  in  plane  polarized 
light  (figure  13b).  Porosity  level  is  estimated  to  he 
1 v/o  (figure  13c).  Backseat  t e red  electron  image  (figure 
I 3d)  at  a high  magnification  reveals  a needle-like  structure 
these  represent  a-Si  ,Ni,  needles  tliat  form  witliin  the 
amor|ihous  Si  ,.N\  [’articles  during  initial  c r\- s t a 1 1 i z at  i on  ( ") 


The  deradvne  material  also  contained  large  and  small 
second  phase  inclusions  (figure  1-la).  The  large  ones  turned 
dark  in  plane  polarized  light  (I'igure  llh).  The  plane 
polarized  light  micrograi’h  also  reveals  a [uitch  of  glassy 
material.  Some  areas  in  the  material  contained  very  large 
patches  of  glassv  material  (figure  lie).  I'hemical  analysis 
conducted  using  a wavelength  spectrometer  indicated  that 
tlie  large  inclusions  are  rich  in  silicon  and  therefore 
likely  to  he  free  silicon.  I'he  glassv  phase  is  richer 
in  yttrium  than  f/ie  m.itri.x  and  tJierefore  likelv  to  he 
yttrium  silicon  oxynitride  ( V S i d' jN  u ) reported  to  he  [’res- 
ent in  this  material  (1).  Yttrium  rich  inclusions  were 
also  found  (figure  l-ld).  The  compound  form  of  the  latter 
yttrium  rich  inclusion  was  not  established. 


The  NOUAIlPf.  NtM  3J  grade  silicon  nitride  used  in  the 
Norton  spheres  is  re  1 a t i ve  1 v ve  rv  clean  compared  to  the 
previous  two  materials.  thi  1 v a few  ve  r\'  small  second  phase 
inclusions  consisting  ol  free  silicon  assoc  i.i  ted  with  metal 
lie  (bright)  particles  were  found  (fig.ure  ISa).  Phis  is 
in  agreement  with  Norton's  own  findings  ( S)  . Plane  pola- 
rized light  view  of  the  -;ame  area  (figure  ISh)  sliows  a 
fine  dispersion  of  gl.isss  phase.  for  comi’arison  a micro 
gra[ih  of  an  older  sample  o I'  NOUAI  I I'l  Nt'l3J  grade  silicon 
nitride  is  given  (figure  ISc).  fhe  inclusion  content  of 
the  older  material  is  larger  in  quant  itv  and  size  compared 
to  the  [’resent  hatch,  suggesting  a considerable  inq’rovement 
in  [’recessing  technique.  .^canning  electron  microsco[’v 
of  the  structure  did  not  reveal  anvthing  more  t twin  tlie 
familiar  distribution  of  IV-rich  inclusions  in  Si  .N^  matrix 
found  in  Ni'l  3J  materi.il''. 
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PART  III 

liVAI.UATION  OP  NON-L)l!.STRlKT I Vi;  1-I.AW  niiTIiCTlON  TPaiNlQUHS 

A cursory  examination  of  four  non- dost  ruct  i ve  tecliniques 
to  detect  material  and/or  fahrication  related  flaws  was  conducted. 
I' hose  arc; 


1. 

Ultrasonic  Inspection 

Acous  t i c 

Mi  c ros  co|iy 

5 . 

Krypt  on 

lixposure  Technique  (Kli'D 

4. 

Surface 

Residual  Stress  Measurement 

using  X- 

ray  Pi f Tract  ion 

1 . 


Ill  t ni^n  i c 1 nspect  i on 

This  work  was  iH'rformed  at  TRW,  Inc.,  usinj;  the  instru- 
mentation and  techniques  developed  under  NAVAIR  contracts 
(9,10').  1!  xami  n a t i ons  were  conducted  usinj;  4.S  MIlz  lonj;itu- 

dinal  and  slicar  waves.  Tonj^i  t udi  na  1 waves  were  used  to 
examine  density  variation  from  point-to-point.  Shear  waves, 
due  to  their  sliortcr  wa  ve  1 en.yt  h ( hence  lu'tter  resolution!, 
were  used  for  detection  of  imrosity  and  inclusions. 

Six  sections  Iiaving  a tliickness  of  2^  O.O.S  mm  were 
provided  for  this  study.  Tliese  are: 

a)  NORAl.ini;  NlM  .'SJ  billet  section 

b1  NORATl  pi;  billet  section  containinj;  micro- 

hardness indentations  made  at  I,  0 . .‘i , 0 . and 
0 . d kg  1 oa ds . 

c!  NORATl  PI  NOl.^2  powder  processed  ball  section 
made  perpendicular  to  the  equator 

d!  Coral loy  IJ-Y  powder  processed  ball  section  made 
perpendicular  to  the  equator. 

c)  Ceralloy  14''Y  powder  processed  ball  section  made 
parallel  to  the  equator. 

f)  CTT,  Sylvania  iiowder  processed  ball  section. 


- IP 

RESEARCH  LABORATORY  SKF*  INDUSTRIES.  INC. 


AL77T057 


Accoi'ding  to  Mcl.can,  ct  al  (111  the  density  variation 
with  velocity  for  silicon  nitride  is  0.2  g/cc/km/s. 

The  signal  was  allowed  to  reflect  four  times  before  recor- 
ding its  time  of  flight  through  the  material  at  each  point 
to  improve  the  resolution  in  velocity  measurements  and 
thereby  the  resolution  in  density  variation.  The  available 
accuracy  in  the  time  of  flight  measurement  i s 8 nanoseconds 
(8.\10  * ^secs  . 1 . In  the  present  case  tliis  corresponds  to  a 
resolution  in  density  o f 0.001  g/cc. 

The  velocity  readings  taken  and  equivalent  density 
values  at  five  points  on  each  of  the  six  specimens  arc 
listed  in  Talilc  7.  Statistical  evaluation  of  the  measure- 
ments sliows  that  the  density  variations  measured  on  tlie 
two  Ceradync  samples  are  significant  whereas  those  measured 

on  the  other  four  samples  are  within  experimental  error.  The 
greater  density  variation  found  in  the  deradyne  samples 
is  in  conformance  with  the  greater  variation  in  microhard- 
ness values  obtained  on  the  same  material. 

Attempts  to  detect  internal  flaws  in  the  different 
materials  or  microl\ardncss  indentations  on  the  NORAl.IDh 
NCI  32  billet  specimen  were  unsuccessful.  This  is  considered 
to  be  largely  due  to  i napii  rop  r i ateness  of  the  available 
transducer  for  tlic  tiiin  samples  used.  A short  water  patli 
of  2 ems . was  used  to  minimize  signal  attenuation  and  there- 
by loss  in  sensitivity.  I'he  available  transducer,  having 
a focal  length  of  b3.5  mm  (2..S  in.)  in  water,  was  designed 
to  be  used  with  8.25  mm  (0.25  in)  thick  specimens.  The 
use  of  2 mm  thick  speimens  in  the  ]) resent  study  did  not 
permit  the  acoustic  beam  to  focus  within  the  specimen  and 
therefore  the  examination  was  conducted  at  less  tlian  ojitimum 
conditions.  The  small  specimen  thickness  was  essential 
to  be  able  to  examine  the  material  of  tlie  rough  spheres 
as  close  to  the  edges  as  possible  without  interference 
from  the  curvature  of  the  sphere. 

Surface  microhardness  indentations  are  not  detectable 
by  C-scan  technique  using  either  longitudinal  or  shear  wave 
modes  due  to  the  presence  of  a 40  pm  dead  band  present  near 
the  top  and  bottom  si^ecimen  surfaces.  This  is  caused  due 
to  the  interference  between  incident  and  reflected  beams. 

The  maximum  depth  of  the  microhardness  indentation  intro- 
duced at  1 kg  is  4 pm.  Toss -o f- back- re  fleet i on  intensity 
measurements  were  made  using  longitudinal  waves  and  placing 
the  indented  surface  facing  down.  The  microhardness  inden- 
tations were  not  detectable.  It  is  certain  that  use  of 
a proper  transducer  can  improve  the  sensitivity  of  the  sliear 
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wave  mode  considerably.  Use  of  tlic  surface  wave  technique, 
presently  being  developed  at  TRIV,  Inc.  imder  a NAVAI R con- 
tract, would  enable  detection  of  surface  flaws  such  as  the 
microhardness  indentations.  Tlie  indentations  are  much  lar- 
ger than  the  largest  tolerable  surface  flaw  or  one  that 
would  be  generated  by  sliglitly  abusive  fabrication  metliods. 
The  ultimate  test  of  a surface  flaw  detection  technique 
would  lie  in  its  ability  to  detect  significantly  smaller 
surface  flaws  of  the  type  sliown  in  figure  lb  produced  on 
a ball  surface  by  an  improper  lapjnng  procedure.  Removal 
of  this  damaged  surface  material  produced  a minimum  improve- 
ment in  the  L lo  life  of  the  balls  from  7.S5  x 10®  revs, 
to  36.'!’  X 10®  revs.  (2). 


Acoustic  Mi c ros coin’ 

This  is  a desirable  modification  of  the  C-scan  ultra- 
sonic inspection  technique.  Tlie  desirability  is  in  the 
fact  that  an  image  similar  to  that  of  an  oiitical  microscope 
is  produced,  simplifying  interi)retat  ion  of  the  information. 
The  commercial  model  ' SONOMl  (^ROSCOPI-  100'  was  used  for  this 
study.  It  uses  100  Mllz  shear  waves  and  is  capable  of  pro- 
ducing a direct  image  of  the  transmitted  acoustic  signal 
showing  the  acoustically  different  features  encountered 
in  the  volume  through  whicli  tlie  beam  was  transmitted.  It 
also  produces  acoustic  interference  images  similar  to  the 
type  of  image  produced  in  optical  interference  microscopy. 
Analysis  of  the  f r i ngc  I’os  i t i ons  provides  quantitative  infor- 
mation on  a microscopic  scale  regarding  tlie  clastic  proper- 
ties of  the  regions  within  an  insonified  volume.  The  con- 
version of  the  acoustic  signal  into  a real  time  image  on 
a television  monitor  is  done  by  means  of  a higli  resolution 
laser  microplionc  (12,  13). 

The  technique  dciicnds  for  its  detection  on  the  degree 
of  acoustic  mismatch  between  the  matrix  and  the  flaw. 
Acoustic  impedance  (Z)  is  defined  as  the  product  of  density 
(p)  and  acoustic  velocity  in  the  material  (vi  which  in  turn 
is  a function  of  elastic  modulus  and  density. 

Z = pv 


The  degree  of  acoustic  mismatch  is  defined  as 


2 - 2m 
2 + Zm 
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where  Z = acoustic  imi'eJance  of  flaw 

Zm=  acoustic  impedance  of  matrix 

Since  the  stress  raisini;  ability  of  a flaw  and  acoustic 
mismatch  arc  both  in  some  way  functions  of  the  decree  of 
clastic  mismatcli  between  tlie  flaw  and  the  matrix,  it  is 
evident  that  tliis  technique  would  detect  the  most  strength 
degrading  flaws  first.  fh  i s is  a very  desirable  capabilitv 
of  the  technique. 

The  resolution  of  the  acoustic  microscope  is  approxi- 
mately one  wavelengtii  of  sound  in  the  material  iieing  inves- 
tigated or  ap]i  ro  X i ma  t e 1 V .SH  qm  in  liot  pressed  silicon  ni- 
tride. Tlie  sensitivity  is  estimated  to  be  one-fiftli  this 
si:e.  Acoustic  micrograidis  of  the  three  silicon  nitride 
materials  used  in  this  program  are  sliown  in  I'igures  I”- 19, 
as  obtained  at  .Sonoscan,  ihc. 

An  image  of  an  acoustically  homogeneous  material  would 
be  monotonous  and  the  interference  image  would  show  straiglit 
interference  lines.  Tliis  is  seen  to  be  true  of  tlie  NORAI.lHi; 
Ntll-^2  material  (I-igure  17).  The  acoustic  micrograjih  of 
Ceralloy  14  7Y  ll-igure  18)  shows  regions  tliat  are  both 
lighter  and  darker  than  the  matrix.  Tlie  ligliter  features 
are  inclusions  with  a lower  acoustic  attenuation  than  the 
m.itrix  whereas  the  darker  regions  are  regions  with  higher 
attenuation  and  are  likely  to  be  fine  pores  in  the  material. 
The  slii  ft  of  tlie  interference  fringes  to  tlie  left  in  the 
liglit  appearing  inclusions  is  indicative  of  lower  acoustic 
velocity  in  it  compared  to  tlie  matrix.  Acoustic  micrograiih 
of  the  t'.Tli  Sylvania  material  {figure  19)  shows  larger  1 i glit 
and  dark  regions  indicative  of  presence  of  larger  size  in- 
clusions and  pores  in  the  material.  The  presence  of  poro- 
sity in  the  ('iTT.  .Sylvania  material  has  been  established  by 
other  methods  of  examination.  I'ractographs  on  the  Ceralloy 
14"Y  material  shows  presence  of  faceted  grains  which  could 
occur  cither  due  to  a t ransgranul  a r mode  of  fracture  or 
presence  of  porosity.  Occurrence  of  dark  regions  on  the 
acoustic  micrograph  indicates  that  some  of  the  unbonded 
grain  surfaces  visible  on  the  fractograph  must  be  due  to 
the  presence  of  porosity. 

Regions  of  low  acoustic  velocity  in  Ceralloy  147Y 
found  in  45  Mil:  inspection  were  also  detected  during 
acoustic  microscopy  inspection. 
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3.  Krypton  Exposure  Tcchruc|uc  (KliTI 

This  is  a relatively  new  non-destructive  test  technique 
for  detection  of  surface  flaws.  In  principle  it  is  similar 
to  the  conventional  dye  penetrant  method  of  detecting  sur- 
face flaws  where  tlie  conventional  dye  is  replaced  by  radio- 
active Kr\'pton  (Kr®^!.  The  latter  is  a fission  by-product 
of  produced  in  nuclear  fission  reactors  controlled  by 

the  U.  S.  Government. 

Parts  to  be  examined  are  placed  in  a vacuum  chamber 
which  is  evacuated  to  a pressure  of  10  pm  of  llg.  Tlie  cham- 
ber is  then  backfilled  witii  Kr  gas  containing  about  So 
radioactive  Kr,  tlie  rest  being  stalile  Kr.  I'lie  parts  are 
allowed  to  soak  in  tlie  gas  for  about  one  hour.  Tlie  soaked 
parts  are  removed  from  the  chamber  and  coated  with  a photo- 
graphic  emulsion.  The  emulsion  is  exposed  for  a period  of 
24  hours  and  then  develojied  for  detection  of  surface  flaws 
where  Kr®®  embedded  during  tlie  soaking  operation.  Several 
precautions  must  lie  observed  in  using  KTT  for  detection  of 
surface  flaws.  Surfaces  of  the  parts  sliould  be  thoroughly 
cleaned  as  dirt  can  act  as  a trap  to  Kr®®. 

The  characteristics  of  tlie  photographic  emulsion  used 
are  similar  to  dental  X-ray  film.  T.nergy  of  the  6-radiation 
emitted  by  Kr®®  can  be  completely  absorbed  by  an  emulsion 
thickness  of  80  pm  which  is  therefore  the  optimum  thickness. 
Tmulsion  thicknesses  much  smaller  than  80  pm  will  lose  a 
significant  amount  of  energy  through  transmission.  Thicker 
coatings  will  make  detection  of  exposed  areas  more  difficult 
due  to  the  presence  of  an  overlayer  of  unex]iosed  emulsion. 

In  practice,  attempts  are  made  to  control  the  thickness  of 
the  photographic  emulsion  between  50  and  80  pm.  In  parts 
containing  fillets  and  under-cuts  this  can  be  achieved  by 
resorting  to  a mist  sjiray  technit[ue  of  applying  the  emulsion 
instead  of  dipping  the  parts  in  the  emulsion. 

The  sensitivity  of  KHT  is  limited  only  by  the  grain 
size  of  the  emulsion  film,  so  ti\at  it  can  be  expected  that 
a maximum  sensitivity  of  about  4 pm  will  be  obtained.  For 
an  initial  evaluation  of  this  technique  one  GTE  Sylvania 
ball  and  one  Norton  finished  ball  were  examined  at  OllAL-X, 
Inc.  The  GTE  Sylvania  ball,  having  a light  color,  was  pro- 
cessed as  is.  The  darker  colored  Norton  ball  was  coated  with 
TiOz  to  improve  the  visibility  of  the  exposed  areas.  This 
was  necessary  since  it  was  found  difficult  to  peel  the  emul- 
sion off  the  hall  surface  for  examination  witliout  disturbing 
or  breaking  it.  The  dark  color  of  the  ball  made  it  diffi- 
cult to  sec  any  dark  exposed  areas  on  the  overlaying  film. 
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Itio  J;irk  spots  on  tlio  tlTli  S\- 1 \;iii  i >i  |i;ills  shoKii  in  I i ituro 
J1  iiulionto  rlio  [i  rosonoi'  of  surface  porosit\'  known  to  exist 
in  this  niatei  ial  t rom  other  examinations.  \o  indications  are 
visible  on  t lie  Norton  hall.  I he  techni(|ue  has  a definite 
advantajte  in  tliat  it  can  examine  the  entiie  surface  simul 
taneously  compared  to  other  techniques  where  point-to-point 
inspection  is  required.  lor  the  technique's  success  as 
a routine  inspection  tool  for  bearing  components,  it  is 
necessar\-  to  develop  belter  methods  for  application  and 
removal  of  phot  oq  rajih  i c emulsion  for  examination.  Adequate 
knowledge  of  t lie  correlation  between  the  presence  of  an 
indication  and  its  si;e  with  the  tvpe  and  size  of  the  sur- 
face flaw  apiH'ars  to  be  lackinq  at  the  jnesent  time. 

•1 . .Siirface  Residual  .Stress  Measurements  l\\’  X-rav  Pi  1' fraction 

The  iiiaioritN'  of  the  ro  1 1 i n q contact  fat  i cue  failures  en 
countered  in  silicon  nitride  are  surface  initiated  i 1 4 , 

IS,  In,  I'l.  riiese  surface  initiated  failures  can  be  siq- 
nificantlv  affected  b\  the  ty]H'  and  maqnitude  of  surface 
residual  stresses  (iroducevl  ilurinq  fabrication  of  a com]’>onent  . 
T.ffect  of  jirocessinq  luirameters  on  tlie  st  renqth  and  faliqiie 
life  of  metals  has  been  lonq  established  ( 1 S , 1 S' 1 . Adaptation 
of  the  measurement  technique  (.diM  to  silicon  nitride  would 
provide  a means  of  devisinq  fal'rication  processes  to  qene- 
rate  surface  compressive  stresses. 

Calibration  of  the  technique  usinq  the  established 
procedure  (dPl  was  conducted  with  tlie  lielp  of  a beam  |iro- 
vided  by  Norton  and  a four-jHiint  lieiulinq  attachment  for 
the  X-ray  machine.  fhe  as-received  beams  were  finished 
to  1(1  X I..''  \ 0.1  cm  and  strain  qaqed  as  shown  in  I'iqure 
dd.  The  b-SijNu  peak  located  at  anqle  of  1 1 ” . 1 ~ 

deqrees  with  cojiiH'r  radiation  [JH  and  a iji-rotation  of 
4.'l"  were  used.  fhe  st  I'ess  factor  under  these  conditions 
is  calculated  to  be  IPS  ksi/  deqree.  fhe  measured  value 
of  the  ratio  (li/l+ol  = d.lp.JS  tlTa  (,.>?.('  x Id''  ps  i ) where 
T.  is  the  elastic  modulus  of  the  surface  material  and  o 
its  Poisson's  ratio.  Usinq  a value  of  u = d.J.S  the  value 
of  P.  is  calculated  to  be  .X^l.d"  UPa  f 4 ^ x Id''  j's  i I . f h i s 
is  in  qood  aqreement  with  tlie  literature  value  of 
.A1  d.  :o  CPa  I 4.1  X Id®  ps  i ) . 
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ROLLING  rOUR-BALL  FATIGUE  TESTS 


The  experimental  evaluation  oL  the  fatigue  life  of  the 
three  groups  of  SiaW  balls  was  performed  on  rolling  four-ball 
testers.  The  test  series  was  designed  to  determine  the  relative 
differences  in  the  fatigue  life  of  the  three  groups  and  provide 
a comparison  of  the  lives  with  that  previously  obtained  for  CVM 
M-50  steel  balls  and  NC132  grade  silicon  nitride  balls  manufac- 
tured from  a hot  pressed  billet  (2). 

Rolling  Four-Ball  Tester  t]  Test  Procedure 

A schematic  of  the  rolling  four-ball  tester  is  presented  in 
Figure  22.  In  the  four-ball  tester,  the  test  specimen,  i.e.  the 
spindle  ball,  is  held  in  a vertical  arbor  against  three  support 
balls  which  orbit  the  spindle  ball  in  a stationary  cup  race.  The 
spindle  ball  is  fixed  in  position  with  respect  to  the  rotating 
arbor  by  a spring  loader/plunge  r pressed  against  a flat  surface 
ground  on  the  top  of  the  spindle  ball  and  the  friction  between  the 
cone  machined  in  the  end  of  the  arbor  and  the  ball  spherical  sur- 
face. Two  flats  are  machined  on  each  spindle  ball  diametrically 
opposite  each  other;  thus,  each  ball  is  tested  twice,  i.e.  cacli 
end  is  considered  as  one  test  specimen. 

The  support  balls  are  positioned  in  the  cup  race  120°  apart 
and  held  in  this  relative  position  by  a brass  cage  or  separator. 
The  positioning  of  the  cup  concentric  with  the  spindle  axis  in- 
sures equal  loading  of  the  support  balls  and  identical  llertcian 
stress  at  the  three  contact  points  between  the  spindle  (.test) 
ball  and  the  support  balls.  The  contact  angle  of  the  assembly 
is  controlled  by  the  race  design  in  the  cup  and  the  support  and 
test  ball  sizes,  see  Figure  23.  The  load,  which  determines  the 
Hertz  stress  at  the  contact  points  between  the  balls,  is  applied 
through  the  spindle  by  a dead  weight  lever  system.  The  spindle 
is  driven  by  a constant  speed  AC  motor  through  a pulley  and  belt 
drive  system.  The  spindle  speed  can  be  varied  by  changing  the 
ratio  of  the  drive  to  driven  pulley  diameters. 

Lubrication  is  provided  by  a once- through , drip- feed  system. 
The  oil  is  fed  into  the  bottom  of  the  cup  and  flows  out  of  the 
top  thus  maintaining  a copious  quantity  of  oil  in  the  cup  for 
lubrication  of  the  contacts.  A vibraswitch  mounted  on  the  cup 
support  table  automatically  turns  the  drive  motor  off  and  stops 
the  testing  at  the  initiation  of  a spalling  failure. 
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Prior  to  tlu'  initiation  of  each  tost,  the  ooncont  rio  i ty 
of  the  cup  race  with  respect  to  t!\e  spindle  axis  uas  determined 
with  tlie  operating  load  applied  and  any  necessary  adjustments 
made.  The  cup  race  was  visuall>-  examined  for  damage,  and  if 
damage  was  present  tlie  cup  was  replaced.  The  spindle  liall, 
support  balls  and  cuii  we  re  c I eaned  1h' fo  re  assembly  and  coated 
with  oil.  After  assemlilv  and  prior  to  starting  tlie  drive  motor, 
a copious  supply  of  oil  was  injected  into  the  011)1  while  the  sjiin- 
dle  was  rotated  by  hand.  Ihis  was  performed  to  prevent  anv  cliance 
of  wear  at  startu)!  due  to  lack  of  lubricant.  Tach  test  was  [ler- 
formed  until  a s|iall  or  wear  failure  occurred  on  the  siiindle 
ball  or  to  a p re  - es  t ali  1 i s bed  time  u|i.  Tol  lowing  each  motor  sto)!- 
page  due  to  the  vibraswitch,  all  balls  were  insjiected.  If  the 
test  ball  had  failed,  the  test  was  terminated.  If  a sujiport  ball 
had  failed,  all  three  su|iiHirt  balls  were  rejilaced  and  the  test 
cont  i lined. 

A lubricant  meeting  Ml  T- 1.- d .TnP  P s[iec  i f i cat  i ons  was  used 
in  all  tests  and  suiijilied  at  a rate  of  .1-0  drojis  jier  minute. 

The  spindle  balls  were  1".S  mm  in  diameter  and  the  sujiiiort  balls 
were  machined  from  M-50  steel  to  Id.  ”111111  diameter.  The  siiindle 
sjieed  and  load,  the  calculated  maximum  Hertz  stress,  and  the 
calculated  Tundbe  rg- Pa  1 mgren  1..^,  life  for  each  test  condition 
used  are  present ed  in  Table  S. 

Test  Results  and  P i scuss ion 

The  testing  was  initiated  on  the  lieralloy  1 4 ”Y  balls  which 
had  been  finished  using  a iireviouslx'  established  iirocedure  (dl 
consisting  of  rough  laii[iing  uitli  1 .S  am  diamond  followed  b>'  jiol- 
ishing  witli  T.- 3.i0  grade  AI2P3.  flie  same  in'ocess  was  used  to 
finish  all  the  balls  tested  on  this  jirogram. 

To  [lermit  a direct  coiii|ia  r i son  between  this  material  and 
previously  tested  Si3N4  balls,  testing  was  initiated  with  a 
load  of  14 "ON  1,35.1  lbs)  which  [i reduces  a maximum  Hertz  stress 
of  5.3  GPa  (800  ksi).  A siiindle  speed  of  1 0,000  rpm  was  used. 

Tour  test  machines  were  used  on  tiis  program. 

.Shortly  after  starting  the  testing,  excessive  wear  w;is 
noted  by  discoloration  of  the  lubricant  which  turned 
black.  Since  the  wear  occurred  w i t li  i n a short  test  period, 
possibility  of  test  maciiine  and  lubrication  problems  were  con- 
sidered. Therefore,  each  machine  was  checked  for  alignment  and 
proper  load  application.  In  addition  comparison  balls  from  a 
lot  tested  on  a previous  contract  (dO)  were  run  for  several  hours 
prior  to,  and  in  some  cases  following,  tlie  Ceralloy  liall  tests. 

In  all  cases  the  comparison  ball  ran  without  wear;  thus,  indi- 
cating that  the  wear  failures  were  material  related. 


1 "- 

RESEARCH  UABORATORY  SKF*  INDUSTRIES.  INC. 


A1.”'’T057 


1 


Considerinj;  that  the  material  may  still  he  suitable  for 
bearings,  where  the  Hertz  stress  would  be  lower,  (.the  exception- 
ally high  stress  loads  are  applied  in  the  four  ball  tests  to 
reduce  the  test  time  requirement)  the  Hertz  stress  value  was 
decreased  in  steps  over  the  remaining  tests  to  a minimum  value 
of  3.4  I’.Pa  (500  ksi).  The  test  stress,  test  time,  and  results 
of  each  test  are  jiresented  in  Table  0.  Wear  rate  decreased 
with  load  but  wear  never  stopped  completely  even  at  the  lowest 
stress  level.  This  prevented  obtaining  classical  sjialling  fatigue 
data  on  the  material  except  possibly  in  two  tests  where  spalling 
failures  occurred  with  minimal  wear  (Tests  No.  C-11  and  C-dO). 

Wear  at  maximum  Hertz  stresses  of  3.4  and  4.1  HFa  (500  T,  oOO  ksi) 
was  intermittent  whereas  it  was  continuous  at  4.7  and  5.5  GTa 
(O80  11  800  ksi)  maximum  Hertz  stresses.  In  the  intermittent 
mode  the  rolling  track  would  first  glaze  and  acquire  a shine. 

The  glazed  material  would  tlien  peel  off  suddenly  and  the  process 
repeated  itself.  It  was  also  otu'ious  during  the  testing  of 
Ceralloy  147Y  balls  that  the  wear  would  often  start  as  pitting 
o r mi c rospal  1 ing  at  the  liglit  colored  (grey)  areas  which  were 
randomly  distributed  over  the  surface  of  the  ball. 

As  a result  of  the  excessive  wear  experienced  during  the 
rolling  four-ball  tests  even  at  the  lowest  stress  values,  the 
Ceralloy  I 1 7Y  material  containing  acoustic  microscopically 
detected  porosity  is  not  considered  to  lie  a good  candidate  for 
rolling  bearing  applications.  An  estimate  of  the  inlierent  spal- 
ling fatigue  life  of  this  tyiH'  of  material  can  lu'  obtained  how- 
ever In-  using  onlv  tiie  spalling  failure  lives  in  Tests  C-11  and 
counting  all  other  tests  in  which  wear  occurred  as  suspension. 


P I'es  su  re  1 ess  sintered  balls  made  by  CTH  S\'lvania  were  tested 
next.  Tliese  balls  were  liglit  gray  in  color  and  contained  about 
2 v/o  porosity  evenly  distributed  tlirougli  the  volume. 

The  testing  of  tliese  balls  was  also  initiated  at  a stress 
level  of  5.5  CPa  (800  ksi)  Hertz  stress.  Wear  was  noted  by 
the  discoloration  of  the  lubricant  after  o minutes  of  testing. 
Inspection  of  the  ball  after  one  hour  of  running  (vibraswitch 
set  in  insensitive  position  to  permit  running)  showed  that  ap- 
preciable wear  and  several  spalls  had  occurred.  Testing  was 
terminated  on  this  material  after  four  additional  test  runs  were 
performed  with  Hertz  stress  values  as  low  as  4.1  CPa  (dOO  ksi) 
with  similar  results,  see  Table  10.  Porosity  is  believed  to  be 
primarily  responsible  for  the  poor  rolling  contact  jierformance 
of  this  lot  of  balls.  Purther  effort  is  being  made  at  GTP 
Sylvania  to  produce  more  fully  dense  rough  siiheres. 
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The  third  i^roup  of  balls  tested  were  made  from  XORAl.llM 
NCI  32  Si3N^  material.  By  means  of  a 1.5  mm  diameter  blind  liole 
put  in  the  as-pressed  balls  it  was  possible  to  orient  tliese  balls 
so  that  the  track  intersected  the  equatorial  band  .it  two  points, 
riiis  allows  evaluation  of  t lie  relative  fat  i. cue  strencth  of  the 
bulk  and  the  equatorial  iiaiui  materials.  Bec.iuse  of  the  early 
wear  failure  experienced  with  the  other  two  materi.ils  tested, 
these  tests  were  initiated  at  a llert:  stress  of  4."  Cd’a  (.oSO  ks  i 1 . 
Since  no  wear  failures  were  encountered  in  the  i n i t i .i  1 testing 
of  this  material  and  the  test  time  required  to  obtain  a spall 
was  lone  at  the  lower  stress  level,  the  time  iq'  life  was  set 
at  300  hrs.  Tlie  Hertz  stre-^s  w.is  tlien  increa-^ed  to  5.5  CTa 
(.SOO  ksi),  and  the  test  continued  until  f.niure  or  .i  time  up  of 
an  additional  300  hours.  This  increase  in  stress  was  performed 
for  two  purposes  11  determine  if  tlie  hiciier  -.tiess  level  would 
result  in  wear  as  experienced  b\'  tlie  other  two  c.indidate  materials, 
21  accelerate  the  testing  and  keep  the  test  time  within  the  time 
frame  of  tlie  [irogram.  ilie  test  results  are  presented  in  Table  11 
which  also  shows  the  calculateil  euiiivalent  test  life  at  5.5  I'd’a 
(800  ksil  Hertz  stress  and  the  theoretic.il  1,  j „ life. 

.Since  all  the  values  were  considered  to  be  quite  good  the 
NC132  material  is  considered  to  be  superior  to  the  other  two 
test  materials  and  is  considered  to  be  a good  candidate  for 
rolling  bearing  material. 

I'he  lowest  test  life  value  was  3 times  the  computed  theo- 
retical 1.10  life  and  three  tracks  ran  for  more  than  33  times 
the  computed  I,  i o life  without  failing. 

lixaminat  i on  of  spalled  \C132  balls  revealed  two  types  of 
spall  initiation.  All  but  one  spall  were  normal  fatigue  spalls 
of  tlie  type  shown  in  figure  24.  It  is  seen  in  ligure  24  tliat 
t!ie  Hertz  cracks  predominate  at  tlie  edge  of  the  track  and  move 
towards  the  center  of  the  track  as  they  jirogress.  On  the  odd 
spall  (figure  25)  the  Hertz  cracks  had  formed  at  the  center  of 
the  track  and  ran  perpendicular  to  the  track.  flie  sjiall  is 
seen  to  be  bounded  on  one  side  by  a Hertz  crack.  Such  Hertz 
cracks,  running  perpendicular  to  the  track,  arc  formed  by 
repeated  contact  with  a spall  edge  on  the  support  balls.  In 
most  cases  a spalled  support  ball  does  not  cause  the  test  ball 
to  fail  due  to  the  indexing  of  the  spalled  region  out  of  the 
contact  band.  None  of  the  spalls  occurred  in  the  ei(uatorial 
band  region  indicating  absence  of  strength  degradation  in  that 
region , 

hxamination  of  the  rolling  track  on  a Ccralloy  Id'Y  ball 
shows  microspalls  and  wear  debris  particles  generated  tliat 
cause  oil  discoloration  during  testing  (figure  2b1 . 
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In  order  to  perform  a direct  comparison  with  the  NC132 
material  previously  tested  (l‘J)  the  statistically  evaluated  Lio 
life  of  the  NOR,-\LIDI;  Nc;i32  Si3N4  material  was  performed  using 
the  maximum  likelihood  technique.  The  median  unbiased  Lio  life 
is  presented  in  Table  12  along  with  the  Ljo  life  of  M-50  steel 
balls  and  similarly  finished  silicon  nitride  balls  tested  in  (19). 

Since  the  steel  balls  were  tested  at  a lower  Hertz  stress 
value  than  the  Si 3N4  balls  a direct  comparison  of  the  estimated 
Lio  life  values  cannot  be  made.  To  obtain  a relative  evaluation 
of  the  two  materials  the  ratios  of  their  estimated  Lio  life  to 
calculated  theoretical  life  must  be  made.  The  M-50  ratio  is 
0.112  and  the  ratio  of  the  NC132  material  is  4.72.  A comparison 
of  these  two  values  indicates  that  the  NC132  Si 3N4  out  performed 
the  M-50  steel  by  a factor  of  42.  A similar  maximum  likelihood 
analysis  of  the  inherent  fatigue  life  of  Ceradyne  147Y  is  also 
given  in  Table  12,  showing  good  fatigue  performance  compared  to 
M-50  steel. 


It  must  be  recognized  that  the  estimated  Lio  life  results 
based  on  small  test  groups  arc  particularly  sensitive  to  a 
single  failure  if  there  is  wide  scatter  in  individual  test  life 
data.  In  addition,  the  high  contact  stress  levels  used  in  the 
rolling  four-ball  tests,  compared  to  the  lower  contact  stresses 
in  ball  and  roller  bearing  applications,  affect  materials  having 
different  hardness  and  ductility,  such  as  steels  and  ceramics, 
in  quite  different  ways.  Therefore,  the  life  estimates  obtained 
must  be  considered  as  indicators  of  life  and  not  as  engineering 
va  1 ue  s . 
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TABLE  1 

DATA  ON  GTE  SYLVAN I A POWDER 

Type  of  powder:  SN-502 

Average  particle  size:  0.5|4in 

2 

Surface  area:  3.5  m /g 
Oxygen  Content:  1.24  ''/o 
I Amorphous  Si3N4:  40 
- Si3N4:  57.3 
U'  - Si3N4:  2.7 

SPECTROGRAPHIC  CHEMICAL  ANALYSIS 


Element 

Approximate 

Percent 

A1 

0.002 

B 

0.0008 

Ca 

0.0008 

Fe 

0.001 

Mg 

0.0009 

Mo 

0.01  (ND)* 

Ti 

0.008  (ND) 

* Not  Detected 


I 

I 


Type  of  powder:  AME  CP85 

Average  particle  size:  2.5 

% « Si  3N4:  90 

% 6-  Si  3N4 : 10 
Fr^e  Si  : 2 

Oxygen  content:  2.1  ^/o 

Theoretical  density:  3.32  gm/cc 


SPECTROGRAPHIC  CHEMICAL  ANALYSIS 


Element 

Approx . 

Percent 

Element 

Approx . 

Percent 

Si 

58.0 

Sr 

0.035 

Fe 

1.3 

Mo 

0.028 

Ca 

0.34 

V 

0.013 

A1 

0.48 

Cu 

0.0058 

Mg 

0.023 

Ti 

0.031 

Ni 

0.069 

Zr 

0.0022 

Mn 

0.037 

W 

0.07  (ND) 

Cr 

0.015 

Na 

0.03  (ND) 

Co 

0.0045 

K 

0.10  (ND) 

*Not  Detected 
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TABLIi  3 

SPECTROGRAPH  I C CHEMICAL  ANALYSIS  OF  NCI  32 


Aluminum 

0.28 

Ca Ic i urn 

0.044 

I ron 

0 .46 

Mai;nes  ium 

0.56 

Titanium 

0.04 

Tungsten 

1 . 3 

Silicon  Nitride 

Balance 

AL77T057 


TABLE  4 

MEASUREMENTS  ON  INDIVIDUAL  ROUGH  SPHERES  FROM  CERADYNE 


Run  No.  1827 


P/N 

Diameter 
mm  (in.) 

1 

22.1 

(.87) 

2 

22.1 

(.87) 

3 

22.1 

(.87) 

4 

22.1 

(.87) 

5 

22.1 

(.87) 

6 

21.8 

(.86) 

7 

21.1 

(.87) 

8 

21.8 

(.86) 

9 

22.1 

(.87) 

10 

22.1 

(.87) 

11 

22.1 

(.87) 

12 

22.1 

(.87) 

13 

21.8 

(.86) 

14 

22.4 

(.88) 

15 

22.4 

(.88) 

16 

22.1 

(.87) 

17 

22.1 

(.87) 

i.8 

22.1 

(.87) 

\9 

21  3 

(.86) 

Height  Density 

mm  (in.) gm/cct . 01 

22.4  (.88)  3.30 

22.6  (.89)  3.32 

22.4  (.88)  3.31 

22.4  (.88)  3.32 

22.4  (.88)  3.31 

22.4  (.88)  3.31 

22.6  (.89)  3.31 

22.4  (.88)  3.30 

22.4  (.88)  3.31 

22.6  (.89)  3.32 

22.4  (.88)  3.30 

22.4  (.88)  3.31 

22.6  (.89)  3.31 

22.4  (.88)  3.31 

22.4  (.88)  3.30 

22.4  (.88)  3.31 

22.6  (.89)  3.31 

22.4  (.88)  3.29 

22.6  (.89)  3.32 


TABLE  4 (CONTINUED) 


AL77T057 


Run  No.  1840 


P/N  Diameter 
mm  (in.) 


Height 
mm  (in.) 


Density 
gm/cctO . 1 


20 

21.8 

(.86) 

22.4 

(.88) 

3.32 

21 

21.8 

(.86) 

22.4 

(.88) 

3.32 

22 

21.8 

(.86) 

22.4 

(.88) 

3.31 

23 

21.8 

(.86) 

22.4 

(.88) 

3.32 

24 

21.6 

(.85) 

22.4 

(.88) 

3.32 

25 

21.8 

(.86) 

22.4 

(.88) 

3.31 

26 

21.8 

(.86) 

22.4 

(.88) 

3.31 

27 

21.8 

(.86) 

22.4 

(.88) 

3.31 

28 

22.1 

(.87) 

22.6 

(.89) 

3.32 

29 

21.8 

(.86) 

22.4 

(.88) 

3.31 

30 

21.8 

(.86) 

22.4 

(.88) 

3.31 

31 

21.8 

(.86) 

22.4 

(.88) 

3.31 

32 

22.1 

(.87) 

22.4 

(.88) 

3.31 

33 

22.1 

(.87) 

22.4 

(.88) 

3.31 

34 

21.8 

(.86) 

22.4 

(.88) 

3.33 

35 

21.8 

(.86) 

22.4 

(.88) 

3.31 

36 

21.8 

(.86) 

22.4 

(.88) 

3.32 

37 

21.8 

(.86) 

22.4 

(.88) 

3.31 

38 

21.8 

(.86) 

22.4 

(.88) 

3.31 

39 

21.8 

(.86) 

22.4 

(.88) 

3.31 

40 

22.1 

(.87) 

22.4 

(.88) 

3.31 

41 

21.8 

(.86) 

22.4 

(.88) 

3.31 
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TABLE  4 CCONTINUED) 


42 

21,8 

(.86) 

22.4 

(.88) 

3.30 

43 

22,1 

(.87) 

22.4 

(.88) 

3.30 

44 

21,8 

(.86) 

22.4 

(.88) 

3.32 

45 

21.8 

(.86) 

22.4 

(.88) 

3.32 

46 

21.8 

(.86) 

22.4 

(.8§) 

3.31 

47 

21.8 

(.86) 

22.4 

(.88) 

3,31 

48 

21.8 

(.86) 

22.4 

(.88) 

3.32 

49 

21.8 

(.86) 

22.4 

(.88) 

3.32 

50 

22.1 

(.87) 

22.4 

(.88) 

3.33 
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TABLL  5 


MLASURIiMHNTS  ON  INDIVIDUAL  HOT  PRLSSLiD  NORALIDL  SPHBRIiS  PROM  NORTON 


Ball  No. 

Group  1 

Diameter 

mm  (in.) 

Height 

mm  (in 

.) 

1 

18.21 

(.717) 

20.01 

(.788) 

2 

18.23 

(.718) 

19.96 

(.786) 

3 

18.39 

(.724) 

19.89 

(.783) 

4 

18.14 

(.714) 

19.91 

(.784) 

5 

18.29 

( . 720) 

19.89 

(.783) 

6 

18.57 

(.731) 

2 0,11 

(.792) 

7 

18 . 14 

(.714) 

19.99 

( . 787) 

8 

18.21 

(.717) 

20.07 

(.790) 

9 

18.08 

(.712) 

19.84 

(.781) 

Group  2 

10 

21 . 39 

(.842) 

20.57 

(.810) 

11 

21.31 

(.839) 

20.52 

(.808) 

12 

21.21 

( .835) 

20.68 

(.814) 

13 

21.44 

(.844) 

20.50 

(.807) 

14 

21.26 

( .836) 

20.60 

(.811) 

15 

20.93 

(.824) 

20.45 

(.805) 

16 

21.13 

(.832) 

20.42 

(.804) 
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i;STIM/\TIin  SPALLINC.  rATKlUIi  Ln-li  VALUI-S  FOR 

NORALIDE  NCI 32  S CERADYNE  14  7Y  SILICON  NITRIDE  BALLS 


Material  and 
Process ing 

Median  Unbiased 

L,,,  Life  Estimate 

Median  Unbiased 
Slope  list  i mate 

NCI 32  Hot  Pressed 

Sphe  res 

^ 1 1 

33.0  7 

1.12 

NCI  32  Hot  Pressed 

Bi 1 let 

3b . 70 

0.91 

CI;R14  7Y  Hot  Pressed  Spheres 

15.00 

1.30* 

CVM  M50  Steel 


3.  24** 


1 .48 


* As.sumed  Wei  bull  Slope 

**  The  Lundberg-Palmgren  computed  Lj^^  life  for  the  M50  steel 
ball  test  load  is  29  x 10*^  revs.,  whereas  the  computed  L.  , 
life  for  all  the  silicon  nitride  groups  is  7 x 10  revs. 
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Norton 


Ceradyne  GTE  Sylvania 


Figure  1.  Visual  Comparison  of  Rough  Silicon  Nitride  Spheres 
From  Three  Suppliers. 
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Figure  2.  Macrophotograph  Showing  Light  and  Dark  Grey  Areas 

on  a Mottled  GTE  Sylvania  Cold  Pressed  and  Sintered 
Silicon  Nitride  Ball  Which  Has  Poor  Fatigue  and 
Wear  Life. 
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(a)  Light  Area 


6434  150 OX 

(b)  Dark  Area 

Figure  4.  Scanning  Electron  Micrographs  Showing  Difference  in 
the  Degree  of  Sintering  Between  Light  and  Dark 
Regions  on  a (ill-;  Sylvania  Ball  Surface. 
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Schematic  Diagram  of  Ultrasonic  Machining 
Process  Showing  Flow  of  Abrasive  Slurry 
Between  Workpiece  and  Vibrating  Tool 


a)  Machine  in  operation  b)  View  showing  inner  ring 


Figure  6.  Ultrasonic  Machining  Set-Up  for  Ball  Bearing 
Inner  Ring 
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Figure  7.  Ultrasonic  Machining  Tools  for  Producing  the  Outer  Ring 

Bore  and  Both  Inner  and  Outer  Ring  Grooves  in  Ball  Bearing 
Rings 
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Figure  9.  All-Silicon  Nitride  Turbine  Bearing  Components 
Manufactured  by  SKF  Showing  Ult rasonical ly 
Machined  Ring  Grooves  and  NC132  Hot  Pressed  Balls. 
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Fractograph  of  a Fractured  GTE  Sylvania  Disc 
(0.43  GPa)  Showing  Fracture  Initiation  at  a 
Pore.  Second  Phase  Inclusions  (A)  are  visible 
at  the  Higher  Magnification 


Figure  10 


lOOOX 


Figure  11.  Fractograph  of  a Fractured  Ceralloy  147Y  Disc 
(0.56  GPa)  Showing  Fracture  Initiation  at  a 
Second  Phase  Inclusion  (B) . 
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Unpolarizcd  Light 
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Secondary  Electron  Image 


Microstructure  of  Pressureless  Sintered 
CiTF.  Sylvania  Material  from  the  Rough  Sphere 
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Back -scattered  P.lectron  Image 


F-igure  14.  Microstructure  of  Ceralloy  14"Y  Material  Prom  a 

Ceradyne  Hot  Pressed  Rough  Sphere.  The  Inclusions 
in  (dl  arc  rich  in.  Yttrium. 
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Figure  16.  Backscattered  Electron  Image  of  NC132  Silicon 
Nitride  Ball  Surface  Showing  Tungsten  Rich 
Segregation  and  Finish  Processing  Induced 
Surface  Microcracks  Which  Caused  an  Order  of 
Magnitude  Reduction  in  Fatigue  Life 
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Figure  21. 
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Photographs  of  Surfaces  of  (a)  GTE  Sylvania  and 
(b)  Norton  Ball  Produced  by  Krypton  Exposure 
Technique.  Dark  (Exposed)  Spots  on  the  GTE 
Sylvania  Ball  are  Indicative  of  Surface  Porosity. 
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0C  : CONTACT  ANGLE 


Figure  23.  Schematic  Drawing  Showing  the  Relative  Positions 
of  Test  and  Support  Balls 
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Figure  25 


Fatigue  Spall  Caused  Due  to  Repeated  Contact 
with  Spalls  on  Support  Balls. 
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Figure  26. 


Microspalls  and  Wear  Debris  Found  on  a Fatigue 
Tested  Ceralloy  14 ’’Y  Rail. 
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